Fatigue crack initiation in the polycrystalline nickel-based superalloy, René 88 DT, was investigated at 593 °C in air using an ultrasonic fatigue testing instrument. Within the testing stress range of 500 -760MPa, all fatigue failures initiated from internal regions. Large crystallographic facets were observed at the crack initiation sites in most failed fatigue samples. Critical microstructure features controlling fatigue crack initiation and the early stage of small crack growth were identified by the combination of serial sectioning, orientation imaging microscopy (OIM) and quantitative fractographic analysis. Large crystallographic facets at crack initiation sites were formed in regions close to Σ 3 annealing twin boundaries within favorably oriented large grains. The facet planes are parallel to Σ 3 annealing twin boundaries and are of {111} type. Cyclic deformation substructures were studied by transmission electron microscopy. At the low cyclic stresses and long lives examined, fatigue failure at 593°C is controlled by strain localization in large, favorably oriented grains and subsequent propagation of small cracks through neighborhoods of favorably oriented grains. Annealing twin boundaries, prevalent in the microstructure, appear to be important in cyclic strain localization.
Introduction
Polycrystalline nickel-based superalloys are extensively used in the aerospace and power-generation industries, owing to their excellent combination of mechanical and environmental properties at elevated temperature. For polycrystalline nickelbased superalloys, fatigue is one of the most important properties, often limiting the overall service life. Future engine applications require engine components that can operate safely up to 10 9 cycles [1] . In the very high cycle regime, most fatigue life is believed to be consumed by fatigue crack initiation processes [2] .
Fatigue crack initiation and damage accumulation in nickel-based superalloys depend on both intrinsic microstructure and extrinsic testing conditions such as temperature, loading stress and environment [3] . Intrinsic microstructure associated with fatigue crack initiation includes: metallurgical defects such as inclusions and pores, and microstructure heterogeneities such as grain size inhomogeneity, microtexture and large-angle grain boundaries. Metallurgical defects are mainly responsible for fatigue failures under high loading stresses and in the low cycle regime [4, 5] . In studying elevated temperature fatigue behavior of Udimet 700 alloy, Organ and Gell [6] found that fatigue cracks initiated from small inclusions located at grain boundaries and at intersections of annealing twin boundaries. Twin boundaries were reported to be important sources for fatigue cracking in Udimet 700 alloy at room temperature [7] . Fatigue cracks were observed to initiate at the surface in large grains in Waspaloy at room temperature [8] . Li et al. [9] found that large grains and favorably orientated local texture might promote fatigue crack initiation in IN100 nickelbase superalloy. Recently, Davidson et al. [10, 11] reported that in Waspaloy at 20°C fatigue cracks initiated from clusters of surface grains, termed supergrains, that were favorably orientated for slip transmission across grain boundaries.
Research on fatigue crack initiation in nickel-based superalloys has primarily concentrated in the low cycle regime (<10 5 cycles) or high cycle regime (<10 7 cycles). To date, few studies have been devoted to the investigation of fatigue crack initiation mechanisms in polycrystalline nickel-based superalloys in the very high cycle regime (>10 7 cycles). The main difficulty of investigating very high cycle fatigue behavior using conventional frequency fatigue instruments is the long time required to achieve very high cycle counts. Recent developments in ultrasonic fatigue techniques offer a powerful and promising method to study very high cycle fatigue behavior in an efficient way [12] . In the current study, the fatigue crack initiation behavior in a polycrystalline nickel-based superalloy, René 88 DT, was examined up to 10 9 cycles using an ultrasonic fatigue testing instrument. Critical microstructure features that contributed to fatigue crack initiation and microstructure barriers to the early stages of small crack growth were systematically characterized by quantitative fractographic analysis, serial sectioning and orientation imaging microscopy. By combining these observations with the results of TEM deformation substructure analysis, possible cyclic strain localization and fatigue crack nucleation mechanisms in this alloy at 593 °C are proposed.
Material and Experimental Procedures

Microstructure characterization
The material tested in this study is a polycrystalline nickel-based superalloy, René 88DT. The alloy was prepared by advanced powder metallurgy techniques and has a nominal composition of 13Co, 16Cr, 4Mo, 4W, 2.1Al, 3.7Ti, 0.7Nb, 0.03C, 0.015%B (weight percent) [13] . The microstructure of the alloy consists of a γ matrix and two populations of gamma prime (γ′) precipitates. Figure 1 shows the typical morphology of secondary and tertiary γ′ within a γ grain. There is no primary γ′ in the microstructure due to the supersolvus heat treatment. The size of the secondary γ′ phase is about 100-200 nm, while tertiary γ′ sizes are several nm. Crystallographic features associated with γ grains were quantitatively characterized by orientation imaging microscopy. Figure 2 (a) is an inverse pole figure map based on a large area OIM scan. The corresponding pole figures indicate that there is very weak texture in the microstructure. The grain boundary character distribution within this alloy is shown in Figure 2 (b). The length fraction of Σ3 grain boundary is about 0.58, while the total fraction of Σ3 n (n>1) grain boundary in grain interface length is only about 0.08. The distribution of grain size is shown in Figure 3 The average grain size of the alloy, excluding annealing twin boundaries, is about 26µm. A low fraction of large grains on the order of two to five times of the average grain size exists in the microstructure. Ultrasonic fatigue testing was conducted at a resonance frequency of approximately 20 kHz, under a positive stress ratio R =0.05 at 593°C in air [14, 15] . Cylindrical specimens with a gage diameter of 5mm and gage length of 16mm were used in this study. Fatigue specimens were machined using low stress grinding. Each ultrasonic fatigue specimen was electropolished to minimize the effect of residual stress. Ultrasonic fatigue loading was applied in pulsed mode with pulses of 500 ms separated by pauses of 900 ms. The spatial orientation of crystallographic facets at crack initiation sites was determined using stereology and three dimensional fracture surface reconstruction methods [15] . The crystallographic orientations of grains at and around crack initiation sites were revealed by combining orientation imaging microscopy (OIM) and metallographic serial sectioning. The OIM studies were performed using TSL OIM software on a FEG XL30 SEM. Disc samples for TEM studies were sectioned perpendicular to the loading axis from the gage section of the failed fatigue specimens. The samples were mechanically polished to a thickness of approximately 100 µm, and further thinned by twin jet polishing in a solution of 68% methanol, 10% perchloric acid, 9% distilled water and 13% butyl cellosolve under conditions of -35°C, 20V and 50mA. Observations of the deformation substructures were conducted using a JEOL 2010F TEM operated at 200 KeV.
Results and Discussion
S-N curve
The ultrasonic fatigue stress-life curve for René 88 DT at 593
• C is shown in Figure 4 [15] . The loading stresses are in the range of 500 -760MPa, which are much lower than the yield strength of the alloy, which is approximately 940MPa at 593
• C [16] . Fatigue failures were observed in this alloy for lifetimes beyond 10 of cyclic stress and exceeds two orders of magnitude at σ max = 600MPa.
Figure 4. S-N data of Rene 88 DT at 593
• C (Arrows indicate runouts).
Critical microstructural features associated with fatigue crack initiation SEM fractographic analysis indicated that all fatigue failures have internal origins. Most fatigue crack initiation sites have large crystallographic facets with no large metallurgical defects such as inclusions or pores observed. The sizes of facets at crack initiation sites are much larger than the mean grain size of this alloy and on the order of the largest grains observed in the microstructure. According to their spatial geometry, large crystallographic facets at crack initiation sites can be grouped into two types: single plane facet and chevron shape facet [15] . Figure 5 shows the example of two kinds of crystallographic facets. The chevron facet is the dominant type facet. By using three dimensional reconstruction and quantitative fracture surface analysis techniques, the spatial orientation of several chevron facets at crack initiation sites were calculated and are listed in Table Ι . The results indicate that chevron shape facets at crack initiation sites have similar geometrical configuration; both facet planes within a chevron facet are oriented close to 45 degrees with respect to the loading axis. Thus, both facet planes within the chevron facet are close to maximum resolved shear stress orientation.
The internal origin of fatigue cracks makes it more difficult to directly characterize critical microstructure features controlling fatigue crack initiation and the early stage of fatigue crack growth. Therefore, metallographic serial sectioning was used to expose such critical microstructure features at the crack initiation sites. In order to collect the detailed microstructure just beneath the crystallographic facets, serial sectioning parallel to the loading axis was performed. The advantage of this sectioning method is that three-dimensional information of microstructure and fracture surface morphology can be simultaneously examined. Failed samples were mounted in resin to protect the fracture surface from damage during sectioning. Matching halves of the failed samples were mounted and sectioned. In this way, microstructure just below and above the crystallographic facets can be revealed and characterized. The sectioning depth was well controlled by using pyramidal Vickers hardness indents in order to section directly through the crystallographic facet at crack initiation sites. Microstructure information beneath the fracture surface was collected on the sectioning planes by using OIM.
Two specimens that failed at 600MPa were selected for studying critical microstructure information. The fracture surfaces of the two samples before serial sectioning are shown in Figure 5 .
(a) (b) Figure 5 . Two types of large crystallographic facet at crack initiation site, (a) single plane facet (σ max = 600MPa, N f = 3.16x10 6 ) (b) chevron shape facet (σ max =600MPa, N f =1.90x10 7 ). Table Ι . Spatial orientation of crystallographic facets at crack initiation sites with chevron shape. Figure 6(a) shows the serial sectioning plane directly cut through the single plane facet at the crack initiation site. Microstructural information just beneath the fracture surface was collected using OIM on the sectioning planes on both halves of the failed sample. Figure 6 (b) shows a matched large area OIM map. The orientation information for the crack initiation grain is illustrated in Figure 6 (c). Figure 6(d) is the corresponding reconstructed grain boundary map. The crystallographic facet was formed within a large grain. Large size grains can provide long slip lengths that favor cyclic strain localization. Within the large crack initiation grain there is a stack of parallel annealing twins. The facet plane was formed in the region close to a twin boundary and intersected the step of the annealing twin boundary as indicated in Figure 6 (c). The facet plane is parallel to Σ 3 twin boundary indicating it is of {111} type. Figure 7 (a) shows the fracture surface of the second sample after serial sectioning. The metallographic sectioning plane cut through the chevron facet at the crack initiation site. The microstructure details of the crack initiation grain were revealed by an inverse pole figure map (Figure 7(b) ) and a reconstructed grain boundary map (Figure 7(c) ) respectively. Facet planes, A and B of the chevron facet, as marked in Figure 7 (c), are within one large grain. Microstructural features of the crack initiation grain are very similar to those of the first sample. There is a stack of parallel annealing twins within the large crack initiation grain. The facet plane A is formed at the twin step and near and parallel to a Σ 3 twin boundary. Sectioning plane
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The metallographic serial sectioning method also revealed the formation of microcracks in internal grains not associated with the fatal crack. The SEM image in Figure 8 (a) shows a microcrack formed in a large size internal grain. The detailed structure of the grain was identified using OIM. Figure 8(b) is the reconstructed grain boundary map overlayed with OIM image quality map. The position of the crack is highlighted on the images. The microcrack was formed in the region close to a Σ 3 annealing twin boundary. Room temperature fatigue testing in this alloy at low stresses also revealed that microcracks initiated near and parallel to annealing twin boundaries in surface large grains, as described above for internal initiation at 593°C. Similarly, fatigue crack initiation in the region close to annealing twin boundaries has been observed in other FCC materials [17, 18] . Annealing twin boundaries are thought to be important locations for cyclic strain localization and fatigue crack initiation in FCC materials due to elastic anisotropy between the twin and matrix [19] .
After fatigue crack initiation, it is reasonable to assume that surrounding microstructural barriers such as grain boundaries will determine if the small crack can continue to propagate to a critical length for eventual failure. As indicated in Figure 7 (c), between crystallographic facet plane A and B, there is another Σ 3 grain boundary. Within the chevron facet, the twist angle between two facet planes is zero. Additionally, both facet planes are {111} slip planes oriented for maximum resolved shear stress. Such a configuration satisfies the conditions for transmission of slip through grain boundaries [20] . This favorable orientation relationship favors the propagation of the crack through the Σ 3 twin boundary, which results in the chevron facets observed at initiation sites. Deformation substructure analysis
For the fatigue lifetimes examined in this study, the cyclic loading stresses are much lower than the overall yield strength of the alloy. Most grains within the samples deform elastically. Under these conditions, cyclic plastic deformation and the accumulation of fatigue damage are expected to occur at microstructure heterogeneities or local stress concentrators. The magnitude of stress concentration and strain localization varies with different microstructure heterogeneities. Therefore, plastic deformation within the specimen should be inhomogeneous and vary with grain size, grain orientation and orientation of surrounding grains.
To examine the nature of cyclic strain localization and damage accumulation mechanisms under such low cyclic loading stresses, TEM foils were removed from a fatigued specimen that failed at 5.85×10 8 cycles at 550MPa. Transmission electron microscopy observations indicate that only a very small portion of the grains experienced plastic deformation during fatigue testing. Figure 9 (a) shows that slip bands were formed along an annealing twin boundary. Figure 9 (b) shows a slip band was formed at or near a step in an annealing twin boundary. Llane and Laird [21] found that twin boundaries, and especially, discontinuities on twin boundaries are significant stress raisers in FCC metals and can promote strain localization and subsequent persistent slip band formation in high cycle fatigue.
Dislocations and stacking faults were observed along annealing twin boundaries near the intersection of two annealing twins in Figure 10 . However, far away from twin intersections, in Figure  10 (c), few dislocations are observed. Furthermore, cyclic strain localization in large grains in the form of discrete slip bands, an example of which is shown in Figure 11 , was often observed in the present study near twins, which is consistent with the findings of previous research [21] .
Although annealing twin boundaries are prevalent in the microstructure of the alloy, TEM observations indicate that slip bands form only at a small fraction of twin boundaries and their discontinuities or configurations. Based on the analysis of microstructure features associated with the crack initiation site observed here, a possible explanation for the observation of such limited slip band formation is that twin boundaries alone may not provide sufficient stress concentration for cyclic strain localization to develop under very low stresses. Rather, the presence of a large grain or grain cluster with favorable orientation may be necessary to promote strain localization and subsequent propagation of small fatigue cracks. 
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Conclusions
The fatigue behavior of the nickel-based superalloy René 88DT was studied at 593°C in the fatigue lifetime regime up to 10 9 cycles by ultrasonic fatigue. In the testing stress range, all fatigue cracks initiated internally. Critical microstructural features associated with fatigue crack initiation and the early stage of small crack propagation were revealed by combining serial sectioning, quantitative fractographic analysis and OIM.
Most fatigue failures originate at large favorably oriented grains. Fatigue cracks initiated and subsequently propagated along {111} slip planes oriented for maximum resolved shear stress. The presence of annealing twin boundaries may contribute to fatigue crack initiation processes. These observations indicate that the high cycle fatigue life could be improved by reducing or eliminating large grains.
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